Multiple metrics are appli ed to the design of a large civil tiItrotor, integratin g minimum cost and minimum environmental impact. The d esign mission is passenger transport with similar range and ca pacity to a r egional jet. Separate aircraft d esigns are gener ated for minimum empty weight, fuel burn, and environm ental impact. A metric specificall y developed for the design of aircraft is employed to evaluate emissions. The designs are generated usin g the NDARC rotorcraft sizing code, and rotor analysis is performed with the CAMRAD II ae rom echanics code. Des ign and mission parameters such as wing loadin g, disk loading, and cruise altitude are varied to minimize both cost and envi ronm ental impact metrics. This paper presents the results of these parametric sweeps as well as the fm al aircraft designs. R OTORCRAFT and other V/STOL aircraft have the potential to increase throughput in the Nationa l Airspace System (NAS) without requiring signifi cant additional infrastructure at airports; however, air pollution is becoming increasingly regulated in industrialized nations, so new rotary-wing aircraft will need to be designed for minimal environmenta l impactY In Europe, tota l CO 2 em issions by airlines were capped in the year 2012, wi th other em issions likely to follow. No such regulation has been enacted in th e US, but may be in the future. If aircraft operators are limited in the amount of emissions they can legally produce, they will require designs that are not only efficient in terms of traditional metrics such as fuel burn and maintenance costs, but are also environmentally frie ndl y.
A major conclusion of Ref. 2 was that rep lac ing a sign ificant porti on of the regional j et traffic in the NAS with civil tiltrotors (CTR) could reduce future ai r traffic delays by more than 50 percent. Several NASA studies in the pas t decade have examined multiple rotorcraft configurati ons fo r large civil transport missions. These studies have largely concluded that a CTR is the best roto rcraft option for transporting payloads of approx imately 100 passengers over ranges of around 1,000 nm Y Refinements to CTR designs have been th e subject of many pas t and current studies. 5 • 6 Environmental performance, particularl y from an emissions standpoint, has been largely overlooked up to this point in rotorcraft design . Worldwide, av iation accounts for approximately 5% of all anthropogenic sources of radiative forc ing, a measure of the atmosp heric effects of various polJutants 7 If tiltrotors are to become a large part of the civil av iation fl eet, they have the potenti al to make a substantia l contribution to aviation 's overall climate impact. There are multiple existing metrics that can be used to evaluate the effects of combustion emi ssions on the environment. Metrics specifically targeted at eva luating aircraft em issions are also becom ing availab le. 8 • 9 1 The purpose of th e current study is to evaluate the environmenta l perfonnance of a large civil tiltrotor. In addition to environmental perfomlance, the aircraft are eva luated for both minimum fue l burn (generall y correspond ing to direct operating cost) and minimum empty weight (generally corresponding to airframe purchase cost). While future rotorcraft will likely be designed to balance operating costs, purchase costs, and env ironmenta l performance, this study will separate them in order to show the effects of designing to different metrics.
II. Background

A. E nvironmental Impacts
Designing ro torcraft for minimum environmental impact from an emissions standpoint is a fairly new area of research, though the impacts of fixed-wing aircraft have been studied for decades. 7 There is significant LUlcertainty in many of the metrics that can be used to evaluate th e effects of emiss ions. Figw'e 1 shows the cause and effect chain linking air craft emissions to atmospheric changes and ultimately societa l impacts. 10 Effects near th e top of the figure are relatively easy to quantify, but are difficult to link to costs in terms of social welfare and are thus not very useful for evaluating rotorcraft concepts. Effects near the bottom of the figure are much more difficult to accurately quantify, but are much more re levant from a political and social welfare standpoint. Any metric that is used to evaluate new ro torcraft concepts should balance uncertainty with relevance as much as possible. In additi on to choosing metrics th at are relevant to current or future public policy and th at have acceptabl e levels of uncerta inty, it is des irabl e to use m etri cs th at account for all relevant aircraft em issions, rath er th an a sing le species. Figure 2 shows the radiative forcing (RF) in th e year 2000 for the primary emiss ion spec ies produced by aircraft I I RF is a measure of the am ount of heat trapped in the atmosphere by a particu lar pollutant, and is expressed in tenns of trapped energy per unit area. The leve l of scientifi c understanding (LOSU) for each emiss ion sp ec ies is also shown. lead to both increases in atm ospheri c ozone (a warming effect) , and redu cti ons in methane (a cooli ng effect). 12 The methane reduction has a secondary effect of redu cing ozone, so there are actua ll y three components of RF due to N Ox emiss ions. All three are accounted for in the current stud y. N ote that the impact of NO. emissions is similar in magnitude to th at of CO 2 , but there is greater un certain ty in the N O x RF va lues shown in F ig. 
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B. Clim ate Impa ct Metrics
Severa l env ironm enta l metrics were consi dered to meas ure the effects of civ il ti ltrotor emissions for this study. Of the avail abl e metri cs, two were identified with high potential fo r eva luating CTR concepts. In genera l, both metrics are well defined and have relatively w ide acceptance in industry, public po licy, or academia. The curren t inves tigation uses both of them . These metri cs, along w ith the ir advan tages and disadvantages are described below.
European Un ion Emissions Trading Scheme (EU ETS) Credits
The E missions Trading Schem e is the system in place in the Europ ean U nion to curb th e effects of greenh ouse gas emissions on globa l climate change. 13 Initiated in 2005, the ETS places lim its on the amount of carbon dioxide that can be p roduced by large p olluters such as energy and industrial installatio ns in th e EU . T he ETS was extended to th e aviation sector in earl y 2012.14 Under th e ETS, each member nation has an emi ss ion cap th at is used to allocate all owabl e carbon emissi ons to their industrial op erato rs. Operators that do not use their entire allocation can se ll their u nused "carbon credits" on the open marke t, while operators exceeding their all ocation mu t p urchase cred its on the market. The price of carbon credi ts for th e current pha e of the ETS has va ri ed w ide ly, ranging fro m below f l O/to nn e CO 2 to over €3 0/tonn e CO 2 .
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The main advantage of using ETS credi ts as a metric for tiltrotor des igns is that th is m etric is easy to acc urately compute and tie to di rec t operating cost. Total fu el bum tra n lates di rectly to CO 2 produced , w hi ch can be used to determine th e cost of operation in terms of carbon credi ts. Additi onally, ETS credits are th e only metri c th at can be tied to current aviation policy. This metric has two main disadvantages. First, the ETS only accounts for CO 2 , while combustion engines produce several additiona l types of greenhouse emissions. Plans to include additional emissions in the ETS have been drafted , but are not ye t imp lemented. 16 The second disadvantage is that vo latility in the carbon trading market makes accurately predicting the future price of carbon cred its difficult.
Average Temperature Response (ATR)
Average Temperature Response is a recently deve loped metric that specifically targets aircraft em issions. The purpose of ATR is to assess the relative performance of ai rcraft concepts with respect to climate change. This metric is measured in temlS of global mean temperature change caused by operation of a particular aircraft. ATR can be used wi th a number of different climate models, but simple linear climate models are appropriate for the conceptual design ofrotorcraft. 8 The A TR metric is based on the radiative forci ng generated by each emission species. Many climate change metrics, such as Global Warming Potentia ls, re ly on RF, but do not specifically target em issions due to aviation. 17 The tota l RF for all emitted pollutants is used to calculate the global temperature response . The use of an altitudesensitive climate model captures the effects of operating a particul ar aircraft at a mu ltitude of operating condi ti ons. Tn add ition, A TR inc ludes parameters such as usage rates and operating lifetime of th e aircraft to determine the total climate impact that results from adding a particular aircraft to an operator's fleet.
The use of A TR for measuring the environmental impact of tiltrotor concepts has two main advantages. First, ATR is specifically targeted at evaluating aircraft emissions. Second, it is flexible enough to include multiple emission species and can utilize multiple climate models . A disadvantage is that un like Global Warming Potentia ls and ETS credits, ATR does not yet have widespread use in either the environmental or aviation community. It is therefore difficult to link ATR directly to cost, and this study does not attempt to do so . As is the case with other RFbased metrics, comrutation of ATR is subject to the uncertainty of the chosen cli mate mode l, especia ll y with respect to NO x emissions. 1
C. Aircraft Design
This study focuses on the design of a large 'civil ti ltrotor. The baseline design is derived from NASA 's LCTR2 , described in detai l in Refs. 5 and 6. The aircraft uses a high wing with two four-bladed rotors at each wingtip. Two turboshaft engi nes are located directly behind each of the rotors . The wing carries a cross shaft from one engine nacelle to the other so that power can be transferred equa ll y to both rotors in the event of a single engine failure . The empennage consists of a V -tail. Rotor cyclic and collective are used for control in hover, while control surfaces on the wings and tail are used in cruise. The layout of th e tiltrotor is shown in Fig. 3 . The dimensions shown are constant across different design variations. Others, such as the wingspan and rotor radius, are omitted from the drawing because they are adjusted during sizing.
For the baseline design, the wing loading is 105 lb/if, and the disk loading is 14 lb/fr. Maneuver requirements resu lt in a de ig n C,viIJ of 0.151, which, along with the disk loading and tip speed specifications, sets the rotor sol idity. The designs are required to follow the mission profile shown in Fig. 4 . Cruise altitude is not specified, and is optimized as part of th e design process. In addition to the mission profile below, the designs are sized to two performance requirements. OEI hover capability is required at 5,000 ft ISA +20°C. Also, while the cruise speed during the design mission is the best range speed V br , the aircraft must be capable of flight at 300 kt at the desi gn cruise altitude. 
III. Approach
A. Aircraft Design Process
The design process used for this study is ill ustrated in Fig. 5 . For the steps in tbe process, the corresponding computational tools are identifie d above the fl owchart blocks. The first step in the process is to use the NDARC sizing code to generate the baseline design, which is described in the previous section. With the baseline determined, tbe next step is to develop a rotor performance model using tbe CAMRAD II comprehensive rotorcraft analysis software.
In previous studies, rotors witb varying blade twist were analyzed to determine tbe optimal tradeoff between cruise and hover perfom1ance. In both Refs. 4 and 5, it was observed that fo r a cruise dominated mission , such as the one shown in Fig. 4 , nearly all of the fuel is burned in cruise, and designing for maximum cruise efficiency alone yields a rotor very close to the optimum. By using a high rotor tip speed in hover and low tip speed in cru ise, good hover performance is maintai ned, despite the cnlise-optim ized twis t distribution .
To simplify the analysis for the current study, a twist fo llowing the helix swept by the rotor blade in forward flight was assumed, since this twis t distribution provides a high propulsive efficiency. This twist variation is determined by on ly the cruise advance ratio. In this case, a forward speed of 300 kt wi th a tip speed of 400 ftls was used, resulting in an advance ratio of 1. 27. Once the baseline rotor radius, sol idi ty, and twi st di stribution were selected, a performance model was generated by sweeping hover thrust, and cruise thrust and speed over the expected range of operations.
With the rotor performance model determined, aircraft characteristics are swept using NDARC to design for minimum fuel bum, empty weight, and env ironmental impact. NDARC does not contain a fom1a l optim izatio n routine, so in order to minimize a particu lar objective funct ion such as fuel bum or environmental impact, parameters must be vari ed and a new des ign generated fo r each set of input values. There are many design parameters tbat can be adjusted in NDARC, so care must be taken to properly choose a small subset of them. Otherwi se, the number of design cases can easil y become very large. For tb is study, the primary variables are wing loading, disk loadi ng, and cruise alti tude.
NDARC directly outputs a large quantity of rotorcraft characteristics and performance measures, including empty weight and fuel bum, but does not yet contain a module fo r computing environmental metrics . A set of Matlab scripts and functions was written to parse NDARC output fi les and compute the ATR metric. In addition to the outputs of th e sizing process, a set of engi ne perfom1ance maps was generated for sea-level static conditi ons in ord er to compute ATR. The details of the metric computati on process are contained in a later section . All of the sizin g and design tasks were ca rried out using NASA ' s ro torcraft design code NDARC. NDARC is a conceptual/preliminary design and analys is code for rapidl y sizing and co ndu cting perfo rm ance analysis of new rotorcraft concepts. 19,20,21 NDARC has a modular code base, fac ilitating its extension to new concepts and the implementation of new computational procedures. By using simplified models to represent major rotorcraft subsystems, such as engines and rotors, NDARC can produce mu ltip le rotorcraft des igns quickly wi thout requiring repeated runs of time-intensive engine cycle or rotor performa nce analyses. NDARC version 1. 6 was used in thi s des ign ac ti vity .
During th e sizing process, point condition and mi ss ion performance are ca lculated and th e airc raft is res ized both geometrically and mechanically until the convergence criteria are met. A typical NDARC run consists of a sizing task, followed by off-design perfonnance analysis.
The outputs of the NDARC engine model were used extensively for this study . NDARC implements th e Referred Parameter Turboshaft Engine Model (RPTEM), described in Ref. 19. This model is based on curve fits of engine performance data for both existing and proj ected engines. These curve fits can be scaled to the required eng ine size to represent a notional engine.
Comprehensive Analysis
For calibration of the NDARC rotor performance model , a baseline rotor was analyzed in both cruise and hover cond itions using the comprehensive rotorcraft ana lysis CAMRAD II ,zz CAMRAD II is an aero mechanics analysis of ro torcraft th at incorporates a combination of adva nced technologies, including multibody dynamics, nonlinear finite elements, and rotorcraft aerodynami cs. CAMRAD II finds the equilibrium so luti on for a steady state operating condition, and then produces the so lution for performance, loads, and vibration. CAMRAD II has undergo ne extensive correlation of perfom1ance and loads measurements on rotorcraft. Z3 -30 For this study, rotor performance analysis in CAMRAD 11 considered a single rotor. The calculations for calibration of the sizi ng code rotor model considered an isolated rotor, witbout interference fro m other components of th e tiltrotor, such a th e wing or fuselage. Rotor performance was ca lculated using non-uniform inflow free wake geometry for both bover and high speed cruise. Airfoil characteristics were obtai ned fro m tables representing advanced technology airfoils. In hover, rotor thrust was varied from zero to well above the expected takeoff thrust of the rotor. In cruise, the pitch, thrus t, and forward veloci ty were va ried through the expected envelope of operations. The induced and profil e power calculated by CAMRAD IJ were then used to ca librate the equation s used by the NDARC rotor performance model.
C. Performance Measures
Two types of performance metrics were used for th is study: cost oriented and emissions ori ented. Airlines or other operators wi ll likely be primarily concerned with both ai rframe purchase price and operational costs. For this study, empty weight and fuel burn were used in li eu of a monetary cost metric. Initial purchase price of aircraft tends to correlate well with empty weight. 3 ) Fuel costs have been driven up by global crude oil prices in recent years and now comprise approximately half of direct operating cost. 32 For this reason, fuel burn is a good indication of the cost to operate a particular design.
Emissions were meas ured using both ETS credits and the Average Temperature Response metric described in the Background section of this paper. A thorough description of the method for calculating ATR is contained in Ref. 8, and th e current s tudy closely fo llowed th e process outlined therein. ATR exp resses th e envi ronm ental impact of a particular aircraft des ign in terms of th e integrated global temperature change th at would result from operati on of th e aircraft for a given amount oftime. The general form of ATR is given in Eq. 1.
A TR can be expressed in relative terms, where the A TR for one design is divided by that of a baseline design. This allows for easy comparison between aircraft. In Eq. I, H i the number of years of sustain ed operation for a particular aircraft design . flTsuSf.H is th e global mean temperature cha nge resulting fro m the operation of the given design, where emissions are assumed to be constant for the first H years and zero th ereafter. Thi s temperature change is a fu nction of the radi ative forcing caused by tbe emi ssion of a number of different pollutant species. The methods used to quantify the em iss ions of various pollutants are described in the following section.
There are mul tiple models ava il able with varying leve ls of fidelity fo r calculating flT s 1lSf • If, and the current study uses the linear climate models an d functions outlined by Dallara et al. in Ref. 8. One lim itation on the models used to calculate the RFs for NO x and aviation induced cloudiness (AlC) is that they are based on data that only goes down to 16,500 ft. Below this altitude the effects of Ox and AIC are assumed constant. The RF effects for th ese emission species are quite small below this altitude, and the tiltrotor designs fl y the bulk of the design miss ion above it, so the effects of this assumption shou ld not be sign ifi cant. For a lower-flying rotorcraft, such as a conventional helicopter, the assumption may have a greater impact on the results.
The weighting function wet) allows discounting of temperature change effects in the years following H. This discounting is included so that long-term effects such as CO 2 warming do not necessarily dominate ATR. wet) is defined in Eq. 2.
The exponential decay of the weighting function in Eq. 2 is defined in terms of the discount rate, r. The rate of decay of the weighting function can be varied, and the effects of these variations will be shown in the results. A windowing function is also applied to ATR so that the metric onl y integrates effects over a specified length of time, Imax. This study uses a window length of 500 years . The operating lifetime H is assumed to be 30 years.
D. Q u antifying Emissions
Engine emissions can be quantified in terms of an emissions index (El) that relates the amount of an emitted pollutant species to the amount of fuel burned. EI is generally expressed in either grams or kilograms of pollutant per kilogram of fuel bumed . For some emission species, such as CO 2 and water vapor, th e El is nearly constant, assum ing idea l or near-ideal fuel combustion. For others, particularly NO., the EI varies widely throughout the operati ng range of the engine. To ca lculate the A TR metric, the Els need to be computed for several different species. The methods used for these calculations are described in the foll owing sections.
Constant E1 Emissions
For CO 2 , water vapor, sulfates (S04), and soot, the emiss ions indices are assumed to be constant. The va lues used for the constant EI emissions are contained in Table I . Fig. 2 , oxides of nitrogen, including NO and O 2 , and co llectively ca ll ed NO", make a significant contribution to the environmental impact of aircraft. In order to calculate this impact, it is necessary to determine the emiss ions index of NO" (EINO x ). Unlike the emissions i.ndices for CO 2 and water vapor, EINO" depends on altitude (more specifically, ambient temperature and pressure), Mach number, and engine throttle setting. Additionally, because EI Ox varies with the operating environment of the engine, it must be calculated for each phase of the design mission.
NO" Emissions Index
While there is a large amount of published turbofan NO" emissions data and estab lished methods for estimating variati on with altitude, much of the data for the turboshaft engines used by existing rotorcraft is proprietary. 34, 35 To the authors ' knowledge, there is no publicly ava ilable data that quantifies Ox emissions for specific turboshaft engines. There is a lim ited amount of data that has been collected by the Swiss Federal Office of Civil Aviation as part of their efforts to develop an emissions in ventory for civil aviation 3 6 At the time of this writing, however, the on ly data released as part of that study relates EI Ox to shaft horsepower, witho ut identifying speed or altitude corrections, resul tin g in considerable uncertainty.
For the current study, estimates ofEINO x are generated by using engine performance output from NDARC along with ICAO turbofan emissions data and the DLR fuel flow method described in Ref. 35 . The steps used to generate the NO x emissions index are described below:
1. Obtain the fue l flow for each mission segment from the NDARC output. 2. Correct the fuel flow to sea level static conditions using the fo llowing equation:
Wjllel is th e actual fuel flow , while Wjllel.corr is the fuel flow corrected to sea level standard conditions. OM and BMare, respectively, the ratio of total pressure and temperature at the engine inlet to sea level static conditions. 3. Using a map of engine performance generated by NDARC, determine the power setting that matches the corrected sea level fuel flow. 4. Using a reference engine from the ICAO turbofan emissions databank, determine the cOITected NO x em issions index for the given power setti.n g.
Correct the emissions index back to flight conditions using the fo llowing equation:
Here, EINO x is the emissions index at flight conditions, and EINOx.corr is the corrected emissions index determined in step 4. F H is a humidity correction factor given in Ref. 35. (4)
Two different engines are used as references in step 4 of the above process. The GE CF34-3B and the Honeywell HTF7000 have fue l flows similar to what is calculated in NDARC for a turboshaft engine. Both engines are relatively modern, high bypass ratio, small turbofans. The HTF7000 and CF34 also represent the upper and lower bounds on NO x emissions for this category of engine, so they shou ld bracket the expected quantity of NO x emiss ions for a turboshaft engi ne. 34 There are two assumptions embedded in this method. First is that the variation of EINO x for a turboshaft is the same as that of a turbofan engine. Since both are gas turbine engines, employing the same thennal cycle, this assumption shou ld be valid. The second assumption is tbat the RPTEM engine model implemented in NDARC is producing variations in fue l flow with speed and altitude in a manner consistent with the DLR fuel flow method. Since both the fuel flow method and the engine model in NDARC are based on real engine data, this assumption should be valid as well. Figure 6 ICAO data for bo th the CF3 4-3B and HTF7000 engines is shown in Fig. 6 . The green dotted line is a linear curve fit to the HTF7000 data, and is used as th e SLS reference for the cruise conditions shown by th e red and blu e lines . The data for 20,000 and 30,000 ft do not extend to 100%, because only a fraction of the sea-level rated power is available at th ese altitudes. Co mpared to the differences between the EINO x values of the two reference engines, the speed and altitude corrections are relatively small. The effects of using different reference engine values for EINO x wi ll be shown in the results section.
Aviation Induced Cloudiness
A lso included in the calculation of th e ATR metric is aviation induced cloudiness, which includes both contrai ls and aviationinduced cirrus clouds. Following the methodo logy of Ref. 8, the impact of AIC is assumed to be a function of cruise altitude and stage length, and does not account for changes in water vapor emiss ions or exhaust temperature . The consequence of this assumption is that for a given mission, the modeled RF due to AlC fo r a tilt:rotor may be greatly overestimated. Since the re is a high degree of uncertainty in rad iative forci ng due to AlC, as shown in Fig. 2 , calculations of ATR are made both with and without its effects.
IV. Res ults
Results for sweeps of wing loading and di sk loading for a 27 ,000ft cruise altitude are presented in Figs. 7a and b for the 90 passenger tiltrotor. For this cru ise altitude, minimum fuel burn, and therefore minimum CO 2 production are achieved with a disk loading of 11 Ib/ft 2 Disk Loading, Ib/ft2 (b) 25 30 F igure 7. E mp ty weight a nd fuel burn vs. disk loadin g a nd win g loa din g fo r 27,000 ft crui se altit ud e
Since the design mission cruise speed is Vb" rather than a constant, the cli fferent wing loading and disk loading comb inations result in sma ll variati ons in cru ise speed. As Fig. 6 shows, the sensitivity of NO x em issions to speed is not very large, so these sm all variati ons in cruise speed do not have a significant impact on EINO x ' Because the emiss ions index for Ox is nearly constant for the sweeps shown in Fig. 7 , th e minimum A TR is generally found at the same wing loading and disk loading combination as th e minimum fuel bum for a given cruise altitude.
Cru ise altitude was swept using a disk loading of 14 Ib/ft 2 and wing loading of 100 Ib /ft2 The results are shown in Figs. 8a and b. For this combinati on of wi ng loading and disk loading, both the minimum fuel bum and minimum empty weight are achieved with a design crui se altitude of 3 I ,000 ft. At this altitude, the engines are sized by both the OEI requirement and the 300 kt cruise speed requirement. Below this alti tude, the OEl requirement sizes the engines, while above it, the speed requirement is the determining factor, causing the abrupt change in slope in Results are plotted both with and without aviation induced cloudin ess for a discount rate of 0.03 using the CF34 as the reference engine for NO x emissions. Relative ATR is plotted here, where for each curve, the ATR values for all designs are divided by the value for the minimum ATR design, which has a relative ATR of I. When the effects of AIC are included, the minimum ATR design has a cruise altitude of 2 1,000 ft. If AIC effects are neglected, the minimum ATR design cmises at 27,000 ft. As previous ly stated, the computations assume that radiative forcing due to AlC is a function of only distance and altitude. Since the aircraft studied here is relatively sma ll compared to typical passenger transports, the effects of AIC are likely overestimated by using this method. Also, strategies are currently being developed to redu ce the effects of AIC by rerouting aro und areas in the atmosphere prone to ai rcraft contrail s, so future aircraft may have significantly reduced climate impacts due to AIC. 37 Both the discount rate ' used for computing ATR and the choice of reference engine for NO x emissions affect the results of the metric computations. F igmes 9a and b show these effects without including AIC. The optimum cruise altitude for minimum A TR changes significantly with both discount rate and reference engi ne for NO x emissions. If there is no discounting of long-term effects (r = 0) , the radi ative forcing due to CO 2 II dominates the calculations, favoring a higher cruise altitude. If only short-tenn impacts are considered (I' = int), then NO, emissions have a much greater impact, and a lower cruise altitude results in decreased climate impact, despite increased fuel bum. The curves for ATR vs. cruise altitude can be very flat, as is the case for r = 0.03 in Fig. 9b . The minimum for this curve occurs at 19,000 ft, but increasing the cruise altitude to 27,000 ft only increases the relative ATR by 1.5% and decreases the fuel burn and empty weight by approximately 12% and 4%, respectively . For this reason, as well as other design considerations, such as icing condi tions at lower altitudes, targeting minimum ATR alone may not be an ideal design driver. The cru ise altitudes for minimizing A TR are collected in Table 2 . The conclus ion drawn from Table 2 and Fig. 9 is that the impact on the tina l aircraft design of designing for minimum ATR depends heavily on the time horizon consid ered and the engine technology. In the case where longterm effects are included and lower-NO, technology is assumed, ATR can be mostly minimized by designing for low fuel bum. If short-term effects are considered more important and a higher-NO, engine is assumed, designing for lower ATR results in a lower cruise altitude.
The choice of wing loading and disk loading for minimum fue l burn and empty weight is weakly affected by altitude. Figure 10 shows the resu lts of a wing loading and disk loading sweep for a 20,000 ft cruise altitude. Disk load ing, Ib/tt 2 Disk Loading, Ib/tt 2 (a) (b) Figure 10 . Empty weight and fuel burn vs. disk loadin g and wing loading for a 20,000 ft cruise altitude Comparing Fig. 10 with Fig. 7 shows that the effect of cruise altitude on choosing a wing loading and disk loading for minimum empty weight and fuel burn is small. At 20,000 ft, minimum empty weight resu lts from a disk loading of 17 lblfr and a wing loading of 100 lbl fr. Minimum fuel bum at this cruise altitude is ach ieved with a disk loading of 10 Ib/ft2 and wing loading of 90 Ib/ft 2 A summary of various tiltrotor designs is conta ined in Table 3 . The first column can be considered a baseline design, where ATR is not minimized. All of the designs in Table 3 use a di sk loading of 14 Ib/ft2 and wing loading of 100 Ib/ft2 The curves in Figs. 7 and 10 show that near th eir respec ti ve minima, the empty weight and fuel bum do not vary greatly with small changes in disk loading and wing loading, so this choice of baseline gives a good compromise between minimum fuel burn and empty weight. Designs using different methods for ATR calculation are shown to illustrate how the various methods of computing the ATR metric affect the [mal design. To compute the cost of ETS credits, a price of $8 per metric tonne of CO 2 is assumed, which is the approximate market price as of this writing. Depending on how ATR is computed, the resulting designs can be quite different. If a short time horizon is assumed with higher NO. emiss ions, a low cruise altitude with a slow cruise speed res ults in th e smallest en vir onm ental impact, despite a 22% increase in fuel bum (and CO 2 emissions) over the baseline given in column 1. The inclusion of AIC in the metric ca lculati ons also has a large impact on th e des ign and favors a low cruise altitude. Decreasing the discount rate r to place more importance on long-term emissions will favor a des ign that fli es higher and faster, resulting in lower fu el burn and empty weight. If the lower NO. -emitting reference engine is assumed and no discounting is applied, th e resulting des ign is velY simi lar to the baseline, with only a 2% increase in fue l bum and less than a I % increase in empty weight.
V. Future Work
There are multipl e avenues fo r fo ll ow-on studi es to this work. A single design range and passenger capacity were assumed for th e tiltrotor designs. If climate impac t is normalized by seat-mile, varying the range and number of seats could produce interesting results. Other hig h-speed rotorcraft concepts, such as compound helicopters, are currentl y being studied for use as passe nger transports. These concepts will be eva luated for th eir climate impact and compared to th e civil tiltrotor resul ts.
Similarly sized turboprop aircraft should also be eva luated. If th e impacts of fi xed-wing aircraft are compared with those of rotorcraft, th ere are additional en vironmental tradeoffs , such as noise and p aved area for runways. These tradeoffs are well outside the scope of the metri cs used fo r th e current tudy, but are wo rth considerin g when comparing the differe nt classes of aircraft.
VI. Conclusions
Thi s study examined the effect of designing a civil tiltrotor for both minimum cost and minimum environmental impact. Two climate impac t metrics are computed to measure th e emi ss ions of a large civil tiltrotor-a simple CO 2based metric and a more compl ex radi ati ve fo rcin g-based metri c des igned to measure av iation impac ts.
Designing independentl y for minimum empty weight, fu el burn , and climate impact res ul ts in di stinctly different des ign s. When des igning fo r minimal environm ental impac t using th e Average Temperature Response metric, th e choice of input parameters has a large effect on the resu ltin g design. Different di scount rates and the inclusion or exclusion of avi ation induced cloudiness in the ca lculations yield widely valy ing results.
When aviation induced cloudiness is neg lected, th e choice of reference engine fo r NO x emi ssions changes th e results as well. If a reference engi ne is chosen that has N O. emi ssions towards th e hi gher end of modem sma ll turbofans, a lower crui se altitud e and speed are des irable for minimi zing climate impact. If lower NO. emission technology is selected for the reference engine, designing for low climate impact results in a higher crui se altitude and speed, and th e des ign more closely resembles that for minimum fu el burn . Tbis result suggests th at for future tiltrotor des igns witb tmboshaft engi nes, if th e N O. emi ssions index is simi lar or lower th an th at of modern turbofans, designing for minimal fuel burn and CO 2 emiss ions may be suffi cient to minimize climate impac t. In other words, with s uffi c ien tl y advanced engin e techno logy, th e fu e l bum penalty p a id to minimi ze ti ltrotor c li mate impact is sma ll or non-ex is tent.
